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Abstract

Spin transition materials are attractive for developing photo-switchable devices but their slow
material transformations limit device applications. Size reduction could enable faster switching,
but the photoinduced dynamics at the nanoscale remains poorly understood. Here, we report a
femtosecond optical pump multimodal X-ray probe study of polymeric nanorods. Simultaneously
tracking the spin transition order parameter with X-ray emission spectroscopy and structure with
X-ray diffraction, we observe photodoping of the low-spin lattice within ~150 femtoseconds.
Above a ~16% photodoping threshold, the transition to the high-spin phase occurs following an
incubation period assigned to vibrational energy redistribution within the nanorods activating the
molecular spin switching. Above ~60% photodoping, the incubation period disappears, and the
transition completes within ~50 picoseconds, preceded by the elastic nanorod expansion in
response to the photodoping. These results support the feasibility of spin transition materials-based
GHz optical switching applications.
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Understanding what limits the speed and efficiency of photoinduced phase transitions is critical to
the development of information technologies.!” Photo-switchable spin transition (ST) molecular
materials exhibit desired changes in optical, thermal, electrical and mechanical properties,® ’ but
their integration in high frequency photo-switching applications is inhibited by slow and often
inefficient transformations, associated with strain wave propagation and thermalization processes.
Reducing the size of ST molecular materials could therefore lead to faster and more efficient
photo-switching, but experimental challenges have so far hindered a deeper understanding of the
photo-switching mechanisms, associated timescales and rate-limiting processes at the nanoscale.
The photo-switching process of ST microcrystals exhibits three steps that have not yet been
conclusively resolved at the few nanometers scale: (1) Photon absorption at random lattice
locations can result in light-induced excited spin state trapping (LIESST) that switches the
molecular sites from a diamagnetic low-spin (LS) to a paramagnetic high-spin (HS) electronic
configuration within ~150 femtoseconds.”!! (2) If the associated metal-ligand bond weakening
and molecular swelling at the photoinduced HS sites triggers sufficiently strong intermolecular
interactions, the spin conversion may be amplified during an ‘elastic step’ that is driven by
material-scale volume expansion resulting from the stress-strain response to photodoping.'?!*
Elastic switching was observed in the nanosecond range for microcrystals, and this timescale has
been associated with the ratio between system size and strain wave propagation velocity. % 14 15
However, the roles of photoinduced thermal energy and strain for the switching dynamics have
not been fully disentangled and recent work indicates that the ST does not occur simultaneously
with the lattice expansion.'®!” While these studies suggest that downscaling to ~10 nm dimensions
could shorten the elastic switching timescales to the picosecond regime, crucial for potential GHz
photo-switching applications, this scaling law has not been validated on the few nanometer length
scale.!” (3) Bulk systems also show a slower third step in the LS-HS conversion on the nano- to
millisecond timescales assigned to thermalization processes.'® '*

The design of highly cooperative Fe-triazole polymer-based ST nanorods has recently resolved a
key challenge of the miniaturization process, as these compounds retain a ~40 K wide thermal
hysteresis loop above room temperature for ~10 nm particles, close to the size limit at which
cooperativity tends to disappear.® Complete photo-switching of Fe-triazole crystals was achieved
using nanosecond excitation pulses, but the long duration of the photoexcitation process implied
slow transformations characterized by lower material stresses.!®! The potential of femtosecond
excitation pulses to achieve a sub-nanosecond, complete ST in Fe-triazole nanomaterials remained
mostly unexplored.'® 2% Therefore, to investigate the photo-switching pathways and rate limiting
processes of [Fe(Htrz):(trz)](BFs) nanorods with a length of 10-15 nm dispersed in solution
(Figure 1a),* we have utilized femtosecond Fe 3p-1s (KB) X-ray emission spectroscopy (XES)
and X-ray solution scattering (XSS) at the Linac Coherent Light Source (LCLS). XES is directly
sensitive to the HS fraction y(t)'° while XSS independently monitors the time evolution of the
nanocrystal lattice and excess energy dissipation during the photoinduced ST. The small nanorod
size enables uniform photoexcitation and therefore allows differentiating between strain
propagation and the ST. We continuously replenish the nanocrystals in a free-flowing liquid jet to
avoid matrix effects®> on the ST and photoinduced damage and build-up effects due to repeated
nanorod irradiation, thus isolating the intrinsic nanomaterial response. With this approach, we



observe an ultrafast, nanoscale ST that is induced by a single femtosecond optical excitation pulse
and completes within ~50 ps.
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Figure 1: (a) Atomic structure of [Fe(Htrz)x(trz)](BF4). Thermal equilibrium LS (HS) unit cell
dimensions are indicated. Each Fe-center is hexacoordinated to nitrogen atoms of the triazole
ligands, which link the Fe-sites together in one-dimensional chains along the crystallographic b-
axis. The chains are stacked along the a- and c-axes with tetrafluoroborate counterions in between.
Van der Waals and hydrogen bonding interactions define the three-dimensional nanorod
structure.?® The Fe(II) molecular centers switch between the LS and HS electronic configurations.
In the LS configuration, the t,4-subset (T-bonding) of the metal d-orbitals (0p,-symmetry) is fully
occupied. In the HS configuration, two electrons are promoted from the t,,-subset into the ey -
subset (o-antibonding). (b) Scheme of the experimental setup at the XCS end station at the LCLS
adapted from Kjaer et al.’ with permission from the Royal Society of Chemistry. The shown time-
dependent X-ray solution scattering and Fe K XES difference maps were collected using an
excitation fluence of 35 mJ/cm?.



Results

X-ray emission spectroscopy: Fe Kf3 main line XES predominantly fingerprints the spin and
oxidation state at the core hole excited Fe-site via the 3p-3d exchange interaction, while being less
sensitive to the chemical environment.?’?° Therefore, the spin state of photoexcited molecular
systems in solution can be tracked on the femtosecond timescale by fitting normalized time-
dependent KB XES spectra with independently measured, appropriately chosen reference
spectra.!” We adopt this methodology to quantify the photo-induced time-dependent HS fraction
y(t) for different excitation fluences (Figure 2). Starting from the LS phase, y(t) increases within
~150 fs (Figure 2c¢), a timescale commonly associated with LIESST in octahedral Fe-N compounds
in both solution and crystals.*® As shown later from the XSS analysis, this initial step in y(t)
precedes the lattice response to photoexcitation, consistent with an intramolecular driving
mechanism. LIESST involves successive intersystem crossing steps promoting two electrons from
the m-bonding into the o-antibonding subset of molecular orbitals (Figure 1a). This electronic
structure change elongates the six Fe-N distances of each photoexcited [Fe(Htrz):(trz)](BF4)
molecular unit by ~0.2 A, and thus, the unit cell volume increases by ~11 %.2%3! LIESST therefore
creates transient structural defects at random photoexcited locations in the LS Ilattice
(photodoping), which correspond to small polarons that trigger lattice expansion. Following
photodoping, y(t) increases more gradually within tens of picoseconds. For lower photodoping
fractions, an incubation period (t; ) separates the molecular step due to LIESST from the less abrupt
secondary LS-HS conversion step (Figure 2¢). Towards higher photodoping fractions, t; shortens
and y (t) approaches unity within tens of picoseconds, indicating nearly complete nanorod LS-HS
phase conversion in the entire probed volume.

To quantify ¢4, the photodoping fraction and magnitude of secondary spin conversion associated
with the slower ST kinetics, we then fit y(t) for different fluences as described in Supplementary
Note 1 (Figure 2¢). The fitted photodoping fraction is approximately linear in the excitation fluence
while the magnitude of secondary spin conversion saturates at higher excitation fluences due to
nearly complete nanorod conversion. t; shortens from ~29 picoseconds to below 1 picosecond
when the photodoping fraction increases from ~12% to ~70% (Supplementary Table 1). The fitted
values represent averages of the ~50 um liquid sample jet in which the photodoping fraction decays
exponentially along the optical pump beam direction (Figure 2d). In the presence of a significant
photodoping gradient, the observation of nearly complete LS-HS conversion at higher excitation
fluences is indicative of a photodoping threshold y;;, above which a nanorod transforms to the HS
phase entirely. For lower photodoping fractions, the threshold y;;, therefore separates two spatial
regions of switching and non-switching nanorods in the sample jet as depicted in Figure 2d. At the
lowest fluence (10 mJ/cm?), the fit indicates incomplete conversion (Figure 2c), and we use the
associated photodoping fraction and secondary spin conversion magnitude to estimate the
photodoping threshold as y;;, = 0.16 + 0.01 with the procedure described in Supplementary Note
1.
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Figure 2: (a) X-ray emission difference signal of [Fe(Htrz):(trz)](BF4) as a function of X-ray
emission energy and pump-probe delay for an excitation fluence of 35 mJ/cm?. Details about the
data reduction can be found in the Methods section. (b) Comparison of the normalized X-ray
emission difference signal at 60 picoseconds with the scaled difference of quintet
([Fe(phenanthroline)>(NCS),]) and singlet ([Fe(2,2’-bipyridine)s;]*") reference spectra from Zhang
et al.'® (c) Extracted time evolution of the HS fraction for different excitation fluences including
kinetic fits as described in the text with photodoping fraction y, remaining constant up to t; when
the HS fraction increases again by y; within 7,. The inset shows the time evolution of the HS
fraction in the sub-picosecond range collected for an excitation fluence of 100 mJ/cm?. (d)
[lustration of the regions of switching and non-switching photoexcited nanorods as seen by the
X-ray probe in the sample liquid jet. The photodoping fraction decreases exponentially through
the jet and z;, denotes the jet depth separating the regions of switching and non-switching
particles. y¢, 1s the photodoping threshold calculated from the data set collected with an excitation
fluence of 10 mJ/cm?.

X-ray solution scattering and diffraction: To correlate y(t) with the nanorod structural and
thermal responses and therefore identify the origin of the observed photodoping threshold and
incubation period t;, we utilize the simultaneously collected XSS data in the momentum transfer
range Q = 0.5 — 4.5 A, which is sensitive to intra- and interchain structural features.’! The time-
dependent differences between laser-excited and ground state total scattering curves (Figures 1b
and 3a) exhibit distinct Bragg-reflection features encoding the photoinduced nanorod structural
response. After a few hundred femtoseconds, the recorded differences resemble the difference of
pure HS/LS phase powder X-ray diffraction curves measured at thermal equilibrium (395 K/298
K) (Figures 3a-b), indicating that the photoexcited nanorods exhibit significant increases in all
three lattice parameters similar as in the thermal equilibrium HS structure (Figure 1a). The features
observed in the time-dependent differences can be associated with groups of Bragg reflections of
the Pnma HS and LS crystal structures®! but time-dependent amplitude changes and peak shifts

6



result in deviations with respect to the scaled thermal equilibrium difference curve of the two
phases (Supplementary Note 2). However, due to the large width of the diffraction features
associated with the small nanorod size and the large number of diffraction peaks present within
the limited Q-range of the measurement, we are unable to perform a quantitative refinement of the
atomic positions. To analyze the nanocrystal structural evolution during the photoinduced phase
transition, we consider different features that are separable along the momentum transfer axis and
associated with the nanorod lateral and longitudinal (b-axis) directions, respectively. In the Q-
ranges around ~0.75 A" and ~1.28 A"!, we identify isolated features in the XSS difference maps
that can be assigned to the (200)/(101) and (301)/(002) Bragg reflections, respectively (Figure
3b).3! These features therefore reflect lateral structural changes. In contrast, the Q-range 1.70-1.95
Al is also sensitive to changes along the polymer axis, predominantly via the (121)-reflection.’!
As described in Supplementary Note 2, we have therefore extracted the time evolution of the
associated diffraction features for low and high photodoping conditions and compared them with
y(t) determined from XES (Figures 3c-d). All peak positions were normalized to the respective
differences between the thermal equilibrium LS/HS values. Both (200)/(101) and (301)/(002) peak
positions show qualitatively similar behavior. The observed shifts towards lower Q indicate rapid
lateral expansion towards a maximum value that is reached within ~1.5 picoseconds (Figures 3c-
d). The peak positions then partially shift back towards the equilibrium value of the LS phase.
Along the polymer axis, the lattice expansion occurs on a slower timescale as evidenced by the ~4
picoseconds initial partial shift of the (121)-reflection towards the HS equilibrium value. These
findings are further supported by a Le Bail fit of the time-dependent X-ray scattering data as
described in Supplementary Note 5. The time dependence of these peak features therefore indicates
that the stress-strain response to the photodoping process initiates an overdamped nanorod
breathing response.’® 33 The observed decoupling of y(t) from the nanorod breathing mode
dynamics shows the acoustic phonon response does not control the HS population (Figures 3c-d).
The observed volume expansion is a displacive process, driven by the long-lived fraction of
photoinduced HS centers of higher volume. For a nanorod with ~10-15 nm length and 5 — 7 nm
width, the observed ~4 picosecond longitudinal expansion and ~1.5 picosecond lateral expansion
timescales indicate a strain wave propagation velocity in the ~2.5 — 3.8 km/s range, within the
reported range for ST compounds.'® At later delays, all peak positions exhibit a time evolution
similar to y(t), showing an incubation period that shortens towards higher photodoping fractions,
followed by a gradual increase towards the HS phase equilibrium value. Importantly, for lower
photodoping fractions, t; significantly exceeds the ~4 picosecond timescale of the initial lattice
response to photodoping, which shows that the latter does not directly drive the ST. During the
secondary HS conversion process within 7;, the extracted lattice parameters indicate delayed
expansion along the polymer axis compared to the orthogonal directions (Figures 3c-d and
Supplementary Figure 14). The estimated low nanorod concentration (~ 1 uM) in ethanol used
during the experiment indicates relatively large mean distances between nanorods. Therefore, the
potential influence of solvent-mediated nanorod interactions on unit cell dimensions is not
considered.

XSS also tracks the dissipation of thermal excess energy from the photoexcited nanorods into the
solvent.** Using the procedure described in Supplementary Note 2, we therefore quantify the time-



dependent changes in the bulk solvent temperature and density, finding that within ~100
picoseconds, ~25% of the optically deposited excess energy transitions to the solvent, while ~75%
remains within the nanorods. Inspection of the time-dependent Bragg peak intensities obtained
from the Le Bail fit (Supplementary Note 5) indicates that the observed intensity changes are likely
dominated by the intramolecular structure changes associated with the evolving HS fraction, which
limits our ability to track the temperature evolution within the nanorods.
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Figure 3: (a) Time-dependent XSS difference map of [Fe(Htrz):(trz)](BF4) measured using an
excitation fluence of 35 mJ/cm?. (b) Powder X-ray diffraction of [Fe(Htrz)2(trz)](BF4) collected at
298 K (blue) and 395 K (red). (hkl) Miller indices of the strongest Bragg reflections are indicated.
The difference of the curves collected at 395 K and 298 K is shown in black and compared with
the transient difference curve at 50 ps (green) from the 35 mJ/cm? data set shown in (a). (c-d)
Comparison of the HS fraction y(t) determined from XES with the relative position of different
diffraction peaks AQp; (t) = Quii(t) — Qkz, normalized to the difference between the respective
thermal equilibrium HS/LS values AQHE = QF5, — QF3,. (c) shows data for an excitation fluence



of 35 mJ/cm? and (d) shows data for 70 mJ/cm?. Vertical lines indicate expansion timescales along
different directions of the nanorods.



Discussion

In a previous study focused on driving the ST at the material scale via rapid non-equilibrium lattice
dynamics, Bertoni et al. photoexcited a weakly cooperative ST solid with femtosecond optical
pulses.!? For few hundred nano- to micrometer single crystals, they reported a LIESST process,
followed by a gradual partial increase in y(t) that occurred on the nanosecond timescales,
shortening towards smaller crystal sizes.'> For microcrystals of the same material, Volte et al.
reported a significant delay between the lattice expansion and the increase in y(t) assigned to the
presence of molecular energy barriers between the LS and HS electronic configurations.!” While
the photodoping fraction remained well below 10%, this experiment pointed to a potential
bottleneck limiting the achievable switching timescales at the nanoscale.

Here, we have combined femtosecond UV-excitation of ~10-15 nm strongly cooperative Fe-
triazole nanorods with femtosecond XES and XSS probes to track y(t) and the lattice evolution
separately. Using a free-flowing liquid jet enables high photodoping fractions without sample
degradation. First, y(t) increases within ~150 femtoseconds due to LIESST, and the lattice
accommodates the changes in molecular bonding within ~5 picoseconds, via an anisotropic
structural response. Above a ~16% photodoping threshold, we observe a complete ST. Below
~60% photodoping, the ST proceeds after an incubation period spanning tens of picoseconds,
which unambiguously demonstrates that it is not directly driven by the ~5 picosecond elastic
expansion of the nanorod (Figure 3c), consistent with Volte et al.!”

In the following, we therefore discuss the implications of significant amounts of photoinduced
strain and thermal energies within the nanorods for the achievable ST timescales. The role of
volume strain in cooperative and hysteretic ST materials was recently discussed within the Landau
theory of phase transitions,*> 3¢ through a Taylor expansion of the Gibbs potential in the ST order
parameter ¢ = 2y — 1 (Supplementary Note 4):

1 1

G(T,q) = a(Tsy —T)q + EBQZ + ZCQ4
The ST temperature Tgr and the coefficient B include the effects of volume strain through the
elastic energy and its elastic coupling with g. Strong elastic interactions result in B < 0, which
reproduces the first-order and hysteretic ST curve of the compound. As shown in the bottom-left
panel in Figure 4, at room temperature, well below Tsr, only the LS state (y = 0) is stable, while
the LS and HS states are bistable within the hysteresis region, as shown at T = Tsr = 360 K. In
the following, we show that this formalism captures key features of the observed ultrafast
photoinduced ST.

Photodoping is homogeneous within the nanorods and therefore the resulting volume expansion
(dvy) equilibrates rapidly within =5 ps, modifying the Gibbs potential on this timescale. dv;
renormalizes Tgr and stabilizes the HS state at lower temperature (Supplementary Note 4). This
effect can be quantified from equilibrium studies on Zn-doped samples because the inactive Zn(II)
ions exhibit a similar ionic radius to that of the HS Fe(II) ions.*”-*® Experiments by Lefter et al. on
[Fe1xZnx(Htrz)(trz)](BF4) show that increasing the Zn-doping fraction decreases the transition
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temperature almost linearly.** From the reported downshift from ~385 K to ~320 K for a ~43%
Zn-doping fraction, we therefore estimate a downshift to ~361 K, well above room temperature,
for a ~16% Zn-doping fraction. The energy of the absorbed photons of the LIESST process (~4.66
eV) exceeds the HS-LS energy gap (~0.3 eV),*® which results in the deposition of significant
amounts of vibrational energy that is redistributed within the nanorods through coupling between
intra- and intermolecular vibrations. While our measurement is not directly sensitive to these
processes, they typically occur on the few to tens of picosecond timescales,!” *!* > comparable
with the incubation periods t; observed in the XES data (Supplementary Table 1). Furthermore,
common heat capacities of ST materials*> ** suggest that at the ~16% switching threshold,
complete equilibration of the photoinduced vibrational excess energy would raise the nanorod
temperature close to the downshifted transition temperature of the photodoped material
(Supplementary Note 2), thus enabling the ST.?*

For the ~16-60% photodoping range, the Gibbs potential exhibits destabilized LS (y < 0.5) and
stabilized HS (y > 0.5) states due to photoinduced volume strain, but the energy barrier hinders
direct relaxation towards the equilibrium HS state (Figure 4, middle-left panel). Vibrational energy
redistribution then drives the nanorods towards thermal equilibrium at higher temperatures,
lowering the energy barrier during this thermoelastic step.'® The incubation period is not associated
with any change in the unit cell dimensions. Therefore, it likely arises from the presence of the
energy barrier and reflects the time required to redistribute energy into the vibrational motions
promoting the spin conversion at residual LS sites. The observed delayed volume expansion during
both the initial LIESST and secondary LS-HS conversion processes (Supplementary Note 5,
Supplementary Figure 14) then shows that the metal-ligand intramolecular bond expansion
associated with the spin state change primarily triggers a photoinduced lattice strain, equilibrating
more rapidly along lateral dimensions compared to the longitudinal direction. Higher photodoping
increases both vibrational energy and strain. The strain-modified Gibbs potential then shows a
stronger LS destabilization and lower energy barrier towards HS conversion, consistent with the
observed shortening of t;. For sufficiently high photodoping fractions, the energy barrier vanishes,
and the system relaxes directly towards the HS state (Figure 4, upper-left panel). From the Zn-
doping studies by Lefter et al.>® we extrapolate that a ~60% Zn-doping fraction would downshift
the transition temperature to room temperature. Therefore, t; should disappear, and the ST should
be enabled by the photoinduced lattice expansion. This agrees with our measurements, as for
photodoping fractions above ~60%, the ST occurs without a resolvable incubation period and
completes within ~50 ps (Figure 2c¢ and Supplementary Table 1).

These considerations rationalize the observed shortening and disappearance of the incubation
period towards higher photodoping fractions, but do not explain the observed LS-HS conversion
rates (71) in the absence of a mechanoelastic barrier at photodoping fractions above ~60%. Even
for the highest photodoping fractions, the secondary increase in y(t) occurs within tens of
picoseconds and therefore lags the ~5 picosecond nanorod volume expansion (Figure 3d).
Furthermore, y(t) does not exhibit the overdamped breathing response observed for the nanorod
lateral and longitudinal lattice spacings, which demonstrates the decoupling of the ST from the
acoustic response and the limitations of size reduction on the ST rate at the ~10 nm scale. The
decoupling of y(t) from the observed unit cell size shows that the spin state conversion rates at
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the individual Fe sites must involve an activated reorganization of intra-cell structural degrees of
freedom, such as Fe-ligand bond length and bond angle changes. These findings indicate that a
more complete understanding of the Gibbs potential that controls the ultrafast photoinduced ST
process in Fe-triazole nanorods must capture the influence of photodoping and temperature on
both inter- and intra-unit cell interactions. This feedback dynamically modifies the thermodynamic
potential as spin conversion occurs, as shown in Figure 4.

Evolution of the Gibbs lattice response to
energy with temperature photodoping (~5 ps)
and photodoping \

G high
photodoping

dvs| N

G * Low photodoping
dT

high photodoping

low photodoping

t
dv,| 7

UO K ‘\
0o 1 7N

Figure 4: Proposed scheme for the photoinduced spin transition of [Fe(Htrz):(trz)|(BF4) nanorods.
The lower-left panel shows the Gibbs potentials at temperatures below (black) and within (green)
the thermal hysteresis region. LIESST modifies the Gibbs potential via photoinduced volume
strain dvg and a temperature increase dT, both destabilizing the LS state and stabilizing the HS
state. For low photodoping (middle-left panel), dv, remains small and an energy barrier towards
HS formation prevents prompt spin conversion. Vibrational energy equilibration then leads to an
increase in the nanorod temperature by dT. The spin transition occurs on a timescale 7, after an
incubation period t; that reflects activation of the residual LS sites. At high photodoping fractions
(upper-left panel), dvg becomes sufficiently large and cooperative interactions drive the nanorods
into the HS phase prior to significant thermal activation. The time evolution of the HS fraction y
under low (blue) and high (red) photodoping conditions is visualized on the right side.

Incubation period (vibrational
activation of residual LS sites)

» Delay
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Conclusions

ST polymers have emerged as viable candidates for miniaturization and device integration of
cooperative ST systems, capable of retaining thermal hysteresis at the few nanometer nanorods.*’
6.24 However, the switching mechanisms, timescales and efficiencies of ST nanomaterials remain
poorly understood. Using a combination of femtosecond X-ray techniques to study ~10-15 nm
long Fe-triazole nanorods, we observe a ~150 femtosecond photodoping process, followed by a
complete ST occurring above a ~16% photodoping threshold. Below ~60% photodoping, the
occurrence of the nanorod ST requires both mechanical destabilization of the LS lattice and excess
vibrational energy redistribution during an incubation period prior to a secondary completion of
the ST. When the photodoping fraction increases, higher amounts of vibrational excess energy are
deposited within the nanorods, and the stronger lattice expansion favors HS conversion. Both
effects shorten the incubation period that determines the onset of the ST. Above ~60%
photodoping, the ST completes within ~50 picoseconds without an incubation period. Critically,
the ST mechanism decouples from the observed lattice degrees of freedom on these ultrafast
timescales, which indicates an upper bound for the ST switching rate that can be achieved through
size reduction. Nevertheless, in these highly cooperative nanocrystals under high photodoping
conditions, the observed ST proceeds two orders of magnitude faster than previously reported for
ST compounds,!” which could promote developments towards ST materials-based photo-
switching devices operating at GHz repetition rates.
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Methods

Fe-triazole ([Fe(Htrz):(trz)]BF4) nanorods were synthesized and characterized as described in
Supplementary Note 3. For the time-resolved X-ray experiments, they were suspended in ethanol
at 10-15 mM Fe concentrations. Nanorod dimensions were estimated as ~7 x 13 x 5 nm? based on
transmission electron microscopy and powder X-ray diffraction linewidth analysis
(Supplementary Note 1).

Temperature dependent steady state powder X-ray diffraction data were collected at beamline 11-
ID-B at the Advanced Photon Source (APS) using 58.68 keV (0.2113 A) X-rays. Dried Fe-triazole
powder samples were mounted in a capillary at a detector-to-sample distance of 95 c¢cm and
measured at room temperature and 395 K. X-rays were detected using a Perkin Elmer XRD1621
amporphous silicon detector and the temperature was adjusted using an Oxford cryosystems
cryostream 700 plus.

The KB XES and XSS data were simultaneously collected at the X-ray Correlation Spectroscopy
(XCS) instrument*® at the Linac Coherent Light Source (LCLS). We used an HPLC pump
combined with a ~50 um inner diameter cylindrical capillary to form a liquid jet and continuously
recirculate the sample. Optical excitation was performed nearly collinearly to the incident X-rays
with 50 fs FWHM, 266 nm laser pulses generated by frequency-tripling the 800 nm output of a
Ti:sapphire regenerative amplifier laser system (Coherent, Legend). Data were collected at various
pump laser fluences in the range ~10-100 mJ/cm?. The sample was probed by 9.6 keV self-
amplified stimulated emission (SASE) X-ray pulses (~10? photons/pulse, 120 Hz, 50 fs) shortly
after exiting the capillary in the region of laminar flow. The time delay between the laser and X-
ray pulse was determined via the timing tool*’ installed at XCS. Using Be compound refractive
lenses, the X-ray pulses were focused to a 50 um diameter spot size on the sample jet. A high-
energy resolution X-ray emission spectrometer, based on the von Hamos geometry, was used to
capture the Fe KB XES signal.*® The spectrometer was equipped with 4 cylindrically bent (0.5 m
radius) Ge(620) crystal analyzers and set to cover the Bragg angle range from 78.1° to 80.5°
corresponding to an energy range of 7.027 to 7.083 keV. The K XES data were collected using
an ePix100 detector.** To detect the XSS data, a 2.3M CSPAD was used in forward scattering
geometry.* Full 2D images of the XES and XSS detectors were read out shot-to-shot and
subsequently processed and binned according to their pump-probe delay. XES spectra were
extracted by integrating the intensity in a rectangular area of interest containing a few pixels along
the non-dispersive axis. The emission energy was calibrated by matching the laser off spectrum to
a singlet reference spectrum ([Fe(2,2’-bipyridine)3]*") from Zhang et al.!® All XES spectra were
normalized to the total KB main line area. The time-dependent difference spectra shown in Figures
1b, 2a-b, and Supplementary Figure 1 are then calculated by subtracting the laser off spectrum at
each time delay. XSS data reduction and analysis procedures are described in van Driel et al.>°
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